Zinc-substituted cobalt ferrite nanopowders were prepared via a sol-gel route using citric acid as a chelating agent. The influence of zinc concentration on the microstructure, crystal structure, surface wettability, surface roughness, and antibacterial property of zinc-substituted cobalt ferrite nanopowders was investigated systematically. The substitution of zinc influences slightly the microstructure, surface wettability, surface roughness, and crystal structure but strongly affects the antibacterial property of the cobalt ferrite nanopowders. V C 2012 American Institute of Physics.
INTRODUCTION
Cobalt ferrite (CoFe 2 O 4 ) exhibits a high coercivity of more than 5 kOe, a moderate saturation magnetisation of about 80 emu/g, excellent chemical stability and mechanical hardness, a large magneto-optic effect, a high Curie temperature, and high electromagnetic performance.
1,2 Therefore, cobalt ferrite is a promising candidate material for high density magnetic recording, 3 ferrofluids technology, 4 biomedical drug delivery, 5 magnetic resonance imaging, 6 data storage, biosensors, 7 biocompatible magnetic nanoparticles for cancer treatment, 8 and magneto-optical devices. 9 The substitution of Co 2þ into cobalt ferrite with, for example, Zn 2þ , Ni 2þ , and Cu 2þ allows variations in their properties that can be tuned to specific applications. Vaidyanathan and Sendhilnathan 10 demonstrated that when Co 2þ was substituted with Zn 2þ in CoFe 2 O 4, the new Co x Zn (1Àx) Fe 2 O 4 nanoparticles exhibited enhanced properties, e.g., excellent chemical stability, high corrosion resistivity, magneto-crystalline anisotropy, magnetostriction, and magneto-optical characteristics.
The special properties of magnetic nanoparticles required for biomedical applications demand precise control of particle size, shape, dispersion, and conditions that influence these properties. In principle, it is necessary to stabilize the magnetic nanoparticle dispersion in the aqueous environment. Thus, coating the magnetic nanoparticles with a polymer shell, including organic (polyethylene glycol, dextran, chitosan, polyethyleneimine, and phospholipids) or inorganic (silica) materials, is usually the first step that leads to highly dispersed and high quality nanoparticles with good biocompatibility. 11 Buteic a et al. 12 prepared the magnetic, core-shelled Fe 3 O 4 nanoparticles to improve colloidal dispersion and to control particle sizes. Oleic acid was used as surfactant to coat the Fe 3 O 4 nanoparticles, followed by an adsorption-coating with four different antibiotics (cephalosporins). The bacterial activity was tested on two different germs: Escherichia coli (E. coli) and Staphilococcus aureus (S. aureus). It was observed that, for the same time interval, the inhibition zone diameters for cephalosporins were higher than those for the cephalosporin-nanofluid. The nanofluid acted only as a carrier for the antibiotic.
In addition, small magnetic nanoparticles allow deliver of an antibiotic when targeting certain organs, such as the brain and kidney. Sun et al. 13 developed a thermal decomposition method that used a mixture of an iron salt, 1,2-hexadecanediol, oleic acid, oleylamine, and biphenyl ether to obtain Fe 3 O 4 nanoparticles. The Fe 3 O 4 nanoparticles were then coated with silver to improve bacterial activity. The paramagnetic properties of the nanostructures permitted recovery and recycling from the site of action by means of an external magnetic field.
Zinc-substituted cobalt ferrite nanopowders (Co (1Àx) Zn x Fe 2 O 4 with x ¼ 0, 0.3, 0.5, 0.7, and 1) were prepared by a variety of preparation techniques, including combustion, 14 chemical co-precipitation, 15 and microwave synthesis; 16 but the sol-gel method is considered the best way to produce homogeneous nanopowders. 17 Note that when x ¼ 0 and 1, there is no atomic substitution; but we use terminology for convenience only. The sol-gel technique offers precise control over homogeneity, elemental composition, and powder morphology with uniformly distributed nano-sized metal clusters that are crucial for enhancing the properties of the nanopowders. These advantages make the sol-gel route a favourable alternative to other conventional methods for the preparation of ceramic oxide composites. 18 Cobalt ferrite exhibits an inverse spinel structure with Co 2þ in octahedral sites and Fe 3þ equally distributed between tetrahedral and octahedral sites. The compound ZnFe 2 O 4 demonstrates a normal spinel structure with Zn 2þ in tetrahedral and Fe 3þ in octahedral sites. 19 Therefore, zinc substitution in CoFe 2 O 4 may have a distorted spinel structure that hinges on the concentration of the precursor solutions.
There have been few reports that investigate the effect of zinc concentration on the microstructure and magnetic properties of zinc-substituted cobalt ferrite nanopowders. 20 One study found that the magnetic properties of a spinel were sensitive to the types of cation and their distribution among the two interstitial sites of the spinel lattice. 21 Another claimed that the substitution of Zn 2þ for Fe 3þ reduced the Curie temperature of the ferrite. 22, 23 However, no report has mentioned the use of these magnetic nanopowders for the biomedical field. Therefore, the objective of this study was to develop novel multifunctional magnetic iron-based nanopowders that also exhibit antibacterial properties to fulfil the requirements of a drug delivery system so that the antibiotic concentration could be minimized. For this purpose, we synthesized zinc-substituted cobalt ferrite nanopowders (Co (1Àx) Zn x Fe 2 O 4 with x ¼ 0, 0.3, 0.5, 0.7, and 1) by the sol-gel process using citric acid (CA) as a chelating agent. The effect of zinc substitution on surface morphology, size distribution, surface wettability, surface roughness, and antibacterial properties of the synthesized zinc-substituted cobalt ferrite nanopowders was systematically investigated.
METHODS AND PROCEDURES

Preparation of zinc-substituted cobalt ferrite nanopowders
The chelating agent, which is citric acid gel, was prepared by dissolving citric acid powders in distilled water (5%, w/v) at 70 C. (1 À x) (with x ¼ 0, 0.3, 0.5, 0.7, and 1) were dissolved into the chelating agent solution under magnetic stirring. The sol-gel reaction was continued for 3 h and then the temperature increased to 80 C for 10 h or until the gel dried into powder form. Finally, all samples were sintered at 800 C for 4 h and then ground to form a nanopowder.
Characterization of samples
Elemental composition analyses of the zinc-substituted cobalt ferrite nanopowders were performed using energy dispersive x-ray spectroscopy (EDX). Raman spectroscopy examined the structure of the matrix in the composites. Phase analyses of the nanopowders were carried out using x-ray diffraction (XRD). Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were conducted in air to determine the temperature for the decomposition and oxidation of the chelating agent. Surface wettability was measured using the water contact angle technique (WCA-FTA200). The surface roughness of all nanopowders was measured using an AlphaStep-D-120 Stylus Profiler (KLATencor Instruments). The morphology, i.e., homogeneity and particle size, of the nanopowders was observed using a field emission scanning electron microscope (FeSEM ZEISS SUPRA 40 VP).
The antimicrobial activity of zinc-substituted cobalt ferrite nanopowders was tested against gram negative bacteria, E. coli, and gram positive bacteria, S. aureus. The bacteriological test series were carried out according to the modified ASTM E2180-07; "Standard Test Method for Determining the Activity of Incorporated Antimicrobial Agent(s) in Polymeric or Hydrophilic Materials." All tests were performed on solid agar plates with the various zinc-substituted cobalt ferrite nanopowders. E. coli and S. aureus were grown aerobically at 37 C overnight (OVN) with shaking (200 rpm) in an ordinary broth medium. The optical density (OD) of the overnight culture was measured at 600 nm by UV spectrometry and diluted with lysogeny broth (LB) to achieve an OD of 0.1. The diluted OVN culture was then seeded into the 20 ml LB (in a 50 ml falcon tube) and incubated at 37 C on the shaker for 2 h to obtain an OD of 0.3. At OD ¼ 0.3, the diluted OVN culture and cobalt ferrite nanopowders were further incubated for 24 h and 100 ll of the mixtures were spread on an agar plate using an L shaped spreader.
The inoculated plates were incubated at 37 C and the number of colonies on the Petri plates were counted after 24 h. The colony forming units (CFUs) were calculated by multiplying the number of colonies by the dilution factor. The survival percentage was used to evaluate the antimicrobial effect of particles, which is defined by the following formula: 24 Survival % ¼ Colony number of treated bacteria Colony number of control bacteria Â 100: (1) An equal amount of zinc-substituted cobalt ferrite nanopowder obtained from using CA as the chelating agent was coated onto filter papers to perform testing according to the modified Kirby-Bauer method. 25 All samples were placed on the E. coli growth LB agar plate and incubated overnight at 37 C. The zone of inhibition which was the area that bacteria cannot be grown was measured.
RESULTS AND DISCUSSION
Raman analyses
Cobalt ferrite has a cubic inverse spinel structure belonging to the O h 7 (Fd3m) space group. The metallic cations can occupy two types of positions: either surrounded by six oxygen ions forming an octahedron or by four oxygen ions forming a tetrahedron. This structure gives rise to 39 normal modes among which five are Raman active (A 1g þ 1E g þ 3T 2g ).
26 Figure 1 shows Raman spectra of synthesized cobalt ferrite and zinc-substituted cobalt ferrite (Co Fig. 1(a) ) consists of broad bands at 311, 470, 571, 619, and a strong band at 693 cm
À1
. In cobalt ferrite, the octahedral site is occupied by Co and Fe ions and the tetrahedral site is occupied by only the Fe ion. Due to the difference in ionic radii of Co and Fe ions in CoFe 2 O 4 , the Fe-O and Co-O bond distances redistribute between both sites resulting in a doublet-like structure. It has been observed that Raman bands at 690 and 619 cm À1 are assigned to A 1g (1) and A 1g (2) modes reflecting the stretching vibration of Fe 3þ and O 2À ions in octahedral sites (O-site), while low frequency bands at 571, 470, and 311 cm À1 are assigned to T 2g (3), T 2g (2) , and E g modes, respectively, which reflect the vibration at the tetrahedral sites (T-site). 27 
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Some changes of the spectra labelled as "b" through to "e" in Fig. 1 À1 tetrahedral Raman band and all the peaks are shifted towards the lower wave number side. This red shift is attributed to the higher atomic mass of zinc compared to the cobalt ion. In a similar fashion to the spinel ferrite, the distribution of divalent and trivalent cations can change due to migration of metal ions from tetrahedral (A) to octahedral (B) sites and vice versa. These changes could arise from a high degree of cation disorder induced by Zn 2þ ion incorporation and/or a particle size effect.
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FeSEM/EDX analyses SEM micrographs were analysed to investigate the grain structure of the nanopowders and assist in understanding the development of the grain sizes. Figure 2 shows the SEM images of the synthesized cobalt ferrite and zinc-substituted cobalt ferrite (Co Table I . These results indicate that the ratios of Co/Zn/Fe for all of the synthesized nanopowders are almost the same as that of the ideal zinc-substituted cobalt ferrite (Co (1Àx) Zn x Fe 2 O 4 ) structure, which could confirm that no organic chelating agent remained in the system. Fig. 3 . Over the temperature range of 25 to 600 C, the TGA curve exhibits two distinct weight loss steps and the DSC curve presents two exothermic peaks and one endothermic peak. The first weight loss step in the range of 25-150 C, which was accompanied by an endothermic broad peak around 150 C in the DSC curve, arises from loss of residual moisture in the powders. The second weight loss step in the range of 170-200 C and the sharp exothermic peak around 200 C is associated with the combustion of nitrates and the remaining organic substances. Moreover, the small exothermic peak at nearly 350 C refers to the oxidation of carbon from the CA by oxygen in the air that forms carbon dioxide and releases heat. No weight loss was observed above 350 C, implying the presence of only cobalt ferrite and zincsubstituted cobalt ferrite within this temperature range. 29 Thus, this experimental observation concludes that zinc was completely substituted into the cobalt ferrite lattice synthesized by calcination of the precursor and chelating agent derived from the sol-gel process.
The crystallite size D was calculated according to the Scherer equation
where k is the wavelength of the radiation, h is the diffraction angle, and b is the full width at half maximum (FWHM) measurement of the diffraction peak. The lattice parameter was calculated according to the formula
The reflection plane (311) was used to calculate both the crystallite size and lattice constant since this has the maximum diffraction intensity. The crystallite size and lattice constant of the cobalt ferrite and zinc-substituted cobalt ferrite nanopowders (Co (1Àx) Zn x Fe 2 O 4 with x ¼ 0, 0.3, 0.5, 0.7, and 1) synthesized using citric acid as chelating agent have been summarized in Table II. The calculated lattice constant a (using the d value and respective hkl (311) parameters) increased from 8.385 Å to 8.415 Å for the samples calcined at 800 C with increasing zinc substitution from 0 to 1. The relationship between zinc substitution and lattice parameter is near linear as shown in Fig. 5 . According to Vegard's law, 31 the linear relationship implies the formation of homogeneous Co (1Àx) Zn x Fe 2 O 4 solid solutions. The increase in the lattice parameter results from the difference in the Zn 2þ (0.74 Å ) and Co 2þ (0.72 Å ) ionic radii. 32 Moreover, the crystallite size of cobalt ferrite and zinc-substituted cobalt ferrite nanopowders determined by taking the FWHM of the (311) peak was found to lie in the range of 40-50 nm; values that agree well with those measured from IMAGEJ.
Contact angle and surface roughness measurement
The hydrophilicity and surface roughness are presented in Table III . The surfaces of cobalt ferrite and zinc-substituted cobalt ferrite nanopowders are hydrophilic since the water contact angles are less than 90
. The results indicate that no significant differences in surface wettability could be detected Table II , which revealed that pure cobalt ferrite exhibited the smallest crystallite size.
Antibacterial activities of the samples
The contact biocidal property of all ferrite nanopowders obtained from CA was investigated using a modified KirbyBauer technique. 25 Filter papers were partially covered with and without ferrite nanopowders and placed on a lawn of E. coli in an agar plate. The contact antibacterial property can be measured by the clear zone of inhibition around the filter papers after an incubation of one day, Fig. 6 . The diameter of the inhibition zone for the zinc-substituted cobalt ferrite is larger than that of pure cobalt ferrite nanopowders, especially when the zinc concentration was increased. The result indicates that the zinc-substituted cobalt ferrite nanopowders have a more effective contact biocidal property than pure cobalt ferrite nanopowders.
The antibacterial activities of the zinc-substituted cobalt ferrite nanopowders against E. coli and S. aureus are shown in Fig. 7 . All tests were repeated ten times for statistical studies after culture incubation at 37 C overnight. The concentration of cobalt ferrite nanopowders was fixed at 1 g/l.
Compared to the control, zinc-substituted cobalt ferrite nanopowders inhibit the growth of both E. coli and S. aureus, and the E. coli killing rate of zinc-substituted cobalt ferrite nanopowders is higher than those S. aureus killing rate. Their antibacterial abilities become stronger with increasing zinc substitution concentration. A substantial amount of research has been conducted to investigate the effect of substratum surface chemistry on bacterial adhesion, and the recent trend has focused on the role that surface wettability and roughness play in the bacterial attachment process. 33, 34 It has been claimed that both surface wettability and roughness have significant influence on bacterial attachment on the substratum. 35 However, the surface wettability and roughness, in this investigation, may not play a role with respect to the antibacterial activity of nanopowders since no significant differences in surface wettability and roughness could be detected between cobalt ferrite nanopowders and zinc-substituted cobalt ferrite nanopowders.
There are several possible mechanisms for the antibacterial action of zinc ceramic nanopowders. One suggestion is that zinc binds to the membranes of microorganisms, in a fashion similar to mammalian cell attachment; thereby prolonging the lag phase of the growth cycle and increasing the generation time of the organisms so that it takes more time for each organism to complete cell division. 36 Another proposition maintained that the main chemical species contributing to the occurrence of the antibacterial activity were assumed to be active oxides, i.e., hydrogen peroxide (H 2 O 2 ) and super-oxide (O 2 À ), generated from the surface of these zinc ceramics. 37 These active oxides readily penetrate the cell wall of bacteria and cause cell destruction. The penetration rate of active oxides through the bacteria cell wall plays an important role in the killing rate of zinc ceramic nanopowders against bacteria. Furthermore, it is known that the structure and the chemical composition of the cell wall are quite different between E. coli and S. aureus, that is, E. coli has a cell wall consisting of lipid A, lipopolysaccharide and peptidoglycan, whereas the cell wall of S. aureus consists mainly of peptidoglycan. These results indicate that active oxides generated from zinc-substituted cobalt ferrite have more capability to penetrate the cell wall and decrease the cell division of E. coli rather than S. aureus. However, the factual interaction mechanism between bacteria (E. coli and S. aureus) and zinc-substituted cobalt ferrite nanopowders needs to be investigated further.
CONCLUSIONS
A sol-gel technique for synthesizing zinc-substituted cobalt ferrite nanopowders that employs citric acid as a chelating agent was developed. Zinc-substituted cobalt ferrite nanopowders formed a cubic spinel structure and exhibited irregular morphology with a crystallite size in the range of 40-50 nm. Increasing the concentration of zinc substitution has no significant effect on the water contact angle and surface roughness. The substitution of zinc in cobalt ferrite nanopowders improved significantly the antibacterial activity against E. coli and S. aureus. The antibacterial activity of zinc-substituted cobalt ferrite nanopowders against E. coli was higher than S. aureus. In the test of LB-agar plates, the zinc-substituted cobalt ferrite nanopowders exhibited surface-dependent antibacterial activities. There is potential that zinc-substituted cobalt ferrite nanopowders could be used in drug delivery systems as well as in other biomedical and biotechnology applications.
